r Mechanical signals play a critical role in the regulation of muscle mass, but the molecules that sense mechanical signals and convert this stimulus into the biochemical events that regulate muscle mass remain ill-defined.
Introduction
Comprising approximately 45% of the body's mass, skeletal muscles not only are the motors that drive locomotion, but also play a critical role in breathing, whole body metabolism, and maintaining a high quality of life (Seguin & Nelson, 2003; Izumiya et al. 2008) . Both sedentary and active adults will lose 30-40% of their muscle mass by the age of 80, and this reduction is associated with disability, loss of independence, increased risk of morbidity and mortality, along with an estimated $18.5 billion in annual healthcare costs in the USA alone (Pahor & Kritchevsky, 1998; Proctor et al. 1998; Seguin & Nelson, 2003; Janssen et al. 2004) . Thus, the development of therapies that can restore, maintain, and/or increase muscle mass are of great clinical and fiscal significance. To develop such therapies, however, we must establish a comprehensive understanding of the molecular mechanisms that regulate skeletal muscle mass.
Skeletal muscle mass can be regulated by a variety of different stimuli including nutrients, growth factors, and mechanical signals (Adams & Bamman, 2012; Bodine, 2013; Piccirillo et al. 2014) . For instance, maximal-intensity contractions (MIC), such as those which occur during resistance exercise, promote an increase in muscle mass (Egan & Zierath, 2013; Schoenfeld et al. 2016 ). Yet, the molecules that sense the mechanical information and convert this stimulus into the signalling events (e.g. phosphorylation) that drive the increase in muscle mass remain undefined (Goodman et al. 2015) .
Mass spectrometry (MS) has emerged as a powerful analytical methodology that could shed light on how mechanical stimuli regulate muscle mass. For instance, Hoffman et al. (2015) recently used MS to map the phosphoproteomic alterations that occur in response to aerobic exercise. Importantly, it is known that aerobic exercise induces an increase in the oxidative capacity of skeletal muscle (Rivera-Brown & Frontera, 2012) , and the work of Hoffman et al. provided a tremendous amount of novel insight into the signalling events that potentially drive this. However, aerobic exercise does not induce a substantial increase in skeletal muscle mass (Farup et al. 2012) , and thus, the primary signalling events that control the mechanical regulation of muscle mass were likely not to have been identified in the work by Hoffman et al. Indeed , numerous studies have shown that mechanistic target of rapamycin (mTOR) signalling is robustly activated by resistance exercise, and the activation of mTOR signalling is considered to be one of the key events through which resistance exercise induces an increase in muscle mass (Watson & Baar, 2014 ). Yet, the results presented by Hoffman et al. indicate that mTOR signalling was actually inhibited by the aerobic exercise stimulus that was employed in their study. Thus, a map of the phosphoproteomic alterations that occur in response to resistance exercise would likely provide an abundance of novel and important information for the field.
To successfully detect low stoichiometric phosphorylation events, phosphoproteomic studies generally involve extensive enrichment procedures and offline pre-fractionation by HPLC (Grimsrud et al. 2012; Zhou et al. 2013; Sharma et al. 2014; Mondal et al. 2015; Riley & Coon, 2015) . Importantly, skeletal muscles are composed of abundant contractile proteins (e.g. myosin, titin, etc.), and the abundance of these proteins can limit the total phosphoproteomic coverage that can be obtained in a single MS experiment . For instance, titin contributes to approximately 16% of the total protein mass in skeletal muscle . Titin is also an atypically large protein of > 35,000 amino acid residues and having a total mass to > 3 MDa (Opitz et al. 2003) . Upon digestion with trypsin, titin alone produces 6197 peptides in silico without taking into account tryptic missed cleavages. In such a challenging matrix, offline HPLC fractionation produces some gains in total identified peptides and proteins (Cao et al. 2012) , but even with these measures the extreme size and abundance of contractile proteins still hampers the effectiveness of subsequent MS analysis.
Here we report the use of two bottom-up proteomics workflows for examining the effect of electrically evoked maximal-intensity contractions (MIC) on protein phosphorylation in mouse skeletal muscle. Specifically, these workflows used either (i) a traditional proteomics method incorporating trypsin digestion, tandem mass tag (TMT) labelling to multiplex sample throughput, and reverse phase (RP) fractionation to increase overall MS sampling depth, or (ii) a centrifugation-based fractionation method prior to trypsin digestion to separate the muscle proteome into two major fractions prior to TMT labelling and RP fractionation. Using the phosphoproteomic results of both workflows, we identified a total of 663 different phosphorylation sites that experienced major MIC-induced alterations (greater than ±1.5-fold and Benjamini-Hochberg adjusted P-value ࣘ 0.05). As such, we have generated the first comprehensive map of the MIC-regulated phosphoproteome. We then demonstrate that our dataset, in conjunction with various bioinformatics tools, leads to identification of many well-known MIC-regulated signalling pathways, as well as to a plethora of novel MIC-regulated events.
Methods
Ethical approval. A total of six male C57BL6 mice at 8-10 weeks of age were randomly assigned to different experimental groups. After tissue extraction, the mice were killed by cervical dislocation. All animals were housed in a room maintained with a 12-12 h light-dark cycle (lights on at 06.00-18.00 h) and, unless otherwise indicated, all animals received food and water ad libitum. The Institutional Animal Care and Use Committee at the University of Wisconsin-Madison, which operates under the guidelines of the animal welfare act and the public health service policy on the humane care and use of laboratory animals, approved all of the methods employed in this study.
Maximal-intensity contractions. The model previously described by O'Neil et al. (2009) was used to induce MIC in the tibialis anterior muscle. Specifically, ad libitum fed mice were first anaesthetized with 5% isoflurane in O 2 and then maintained at a surgical level of anaesthesia with 1-4% isoflurane in O 2 . Before initiating any procedures, a determination for the proper level of anaesthetic administration was performed by pinching the pad of the foot and ensuring that the animal showed no signs of reactivity. Once the animal was appropriately anaesthetized, electrodes were placed on the sciatic nerve of the right leg and contractions were elicited by stimulating the sciatic nerve with an SD9E Grass stimulator (Grass Instruments, Quincy, MA, USA) at 100 Hz, 4-8 V pulse, for 10 sets of six contractions. Each contraction lasted 3 s and was followed by a 10 s rest period, and a 1 min rest period was provided between each set. The left tibialis anterior muscle was not stimulated and was used as a control. Following the last set of contractions, the animal was allowed to recover from the anaesthesia in a cage that contained water but was devoid of food. Previous studies have shown that this model of MIC leads to a progressive increase in the activation of mTOR signalling, and that the increase in mTOR signalling peaks 1 h after the last set of contractions (O'Neil et al. 2009 ). This is an important point because the activation of mTOR signalling is considered to be one of the key events that drive mechanically induced changes in muscle mass (Watson & Baar, 2014) . Therefore, to ensure that signalling events associated with the activation of mTOR signalling were encapsulated in the phosphoproteomic analyses, the animal was reanaesthetized so that both the left (control) and the right (MIC) muscles could be collected at 1 h after the last set of contractions. All of the aforementioned interventions were performed between 10.00 and 15.00 h.
Tissue lysis and centrifugation. For the urea-based lysis procedure in the first TMT 6-plex experiment, the skeletal muscles were homogenized in 1 ml of lysis buffer A, which consisted of 8 M urea, 50 mM Tris (pH 8.0), a PhosSTOP tablet (Roche, San Jose, CA, USA), and a Complete Mini EDTA-Free Protease Inhibitor Cocktail Tablet (Roche). For the fractionation procedure in the second TMT 6-plex experiment, muscles were homogenized in 1 ml of buffer B, which consisted of 40 mM Tris (pH 7.5), 1 mM EDTA, 5 mM EGTA, 0.5% Triton X-100, a PhosSTOP tablet (Roche), and a Complete Mini EDTA-Free Protease Inhibitor Cocktail Tablet (Roche). Samples were homogenized with a Polytron for 20 s and then centrifuged at 6000 g for 1 min to remove bubbles and confirm complete homogenization. The pellet portion of each sample was then resuspended and the whole homogenate was incubated on ice for 30 min. For the fractionation procedure, the volume of the whole homogenate was measured and then transferred to a microcentrifuge tube to be centrifuged at 2000 g for 5 min. The supernatant was carefully transferred to a new tube and the pellet (i.e. the portion enriched with myofibrillar proteins) was saved in the original tube. The pellet was resuspended in 1 ml of buffer B, pipette flushed, and centrifuged at 2000 g for 5 min. The supernatant was discarded, and the procedure was repeated with an additional wash. The pellet was then resuspended to the same volume as the original whole homogenate. The original supernatant sample was centrifuged at 2000 g for 5 min, and the resultant supernatant was removed and transferred to a new tube. This procedure was repeated one additional time to remove any remaining contaminant proteins. In all cases, a 100 μl aliquot of each was saved for Western blotting and the remainder of each sample was reserved for MS analysis.
Western blot analysis. Western blot analyses were performed as previously described (Frey et al. 2014) . Briefly, samples were subjected to electrophoretic separation by SDS-PAGE. Following electrophoretic separation, proteins were transferred to a polyvinylidene fluoride membrane, blocked with 5% powdered milk in Tris-buffered saline containing 0.1% Tween 20 (TBST) for 1 h followed by an overnight incubation at 4°C with primary antibody dissolved in TBST containing 1% bovine serum albumin. All primary antibodies were obtained from Cell Signaling Technology (Danvers, MA, USA). After an overnight incubation with the primary J Physiol 595.15 antibody, the membranes were washed for 30 min in TBST and then probed with a peroxidase-conjugated secondary antibody for 1 h at room temperature. Following 30 min of washing in TBST, the blots were developed on film or with a Chemi410 camera mounted to a UVP Autochemi system (UVP, Upland, CA, USA) using regular enhanced chemiluminescence (ECL) reagent (Pierce: Thermo Fisher Scientific, Waltham, MA, USA) or ECL Prime reagent (GE Healthcare: Amersham, Piscataway, NJ, USA). Once the appropriate image was captured, the membranes were stained with Coomassie Blue to verify equal loading in all lanes.
Protein precipitation, enzymatic digestion and peptide desalting. The total amount of protein was determined using a Pierce BCA Protein Assay Kit. Proteins were precipitated by bringing the original sample solution to a 90% concentration of methanol by volume and centrifuging the sample at 12,000 g for 5 min. The methanol solution was removed and the remaining protein precipitate was resuspended in 8 M urea, 50 mM Tris (pH 8.0), 10 mM tris(2-carboxyethyl)phosphine (TCEP) and 40 mM chloroacetamide and incubated for 30 min with shaking to completely reduce and alkylate the proteins. The sample was diluted to a concentration of 1.5 M urea with 50 mM Tris (pH 8.0) and digested with trypsin (1:50 enzyme:protein ratio) at 37°C for 15 h. The enzymatic digestion was quenched by acidifying the sample to pH < 2 with 10% trifluoroacetic acid (TFA). Strata-X desalting columns (Phenomenex, Torrance, CA, USA) were prepared by flowing 1 ml of 100% acetonitrile (ACN) over the column, followed by 1 ml of 0.1% TFA. Individual samples were spun down and the acidic supernatant was collected and gravity filtered through the Strata-X columns. The bound peptides were washed with 1 ml 0.1% TFA, followed by elution into a fresh tube using 500 μl of 40% ACN and 0.1% TFA, and finally an additional elution of 300 μl of 80% ACN and 0.1% TFA. Eluted peptides were dried down by vacuum centrifugation. A Pierce Quantitative Colorimetric Peptide Assay (Thermo Fisher Scientific) was performed to determine peptide concentrations prior to TMT labelling.
TMT labelling. A total of 1 mg of peptides for each of the six samples was incubated with 6-plex tandem mass tags (TMT) reagents according to instructions available in the commercially available kit (Thermo Fisher Scientific) for the quantification of relative abundances of tryptic peptides. Samples were incubated with shaking for 3 h at room temperature. Samples were quenched using 5% hydroxylamine and incubated at room temperature for 15 min with shaking. An aliquot of all six samples was mixed in a 1:1 ratio across all channels and analysed using an Orbitrap Elite mass spectrometer (Thermo Fisher Scientific) to ensure complete TMT peptide labelling and compare peptide ratios in this 'test mix' . These preliminary mixing ratios were used as a guide to create a final sample mix, where the six muscle samples were mixed at a 1:1 ratio. The final pooled sample containing TMT labelled peptides from all six samples was desalted using a Strata-X desalting column. The pooled sample was enriched using Immobilized Metal Affinity Chromatography (IMAC) Ni-NTA magnetic agarose beads (Qiagen). The resultant phosphopeptide sample and flow through non-phosphopeptide sample were each fractionated using a reverse phase HPLC to produce 12 total phosphopeptide fractions and 12 total non-phosphopeptide fractions. Each fraction was dried using a vacuum centrifuge and resuspended in MS-grade water with 0.2% formic acid for subsequent mass spectrometry analysis.
Nano-liquid chromatography-tandem mass spectrometry methods. Each sample in the first TMT experiment (without homogenate centrifugation) was introduced to an Orbitrap Elite mass spectrometer (Thermo Fisher Scientific) during a 90 min nano-liquid chromatography separation using a nanoAcquity UPLC (Waters, Milford, MA, USA). A Top 15 MS method was used to analyse eluting peptides, using a 60,000 resolving power survey scan followed by 15 tandem mass spectrometry (MS/MS) scans collected at 15,000 resolving power. Peptides were fragmented using higher energy collisional dissociation (HCD) at 35% normalized collision energy (Kocher et al. 2009 ). Non-phosphopeptide fractions were analysed with automatic gain control (AGC) targets of 1 × 10 6 and 5 × 10 4 for MS and MS/MS scans, respectively. MS maximum injection times for these fractions were set at 100 ms for MS scans and 200 ms for MS/MS. Phosphopeptide fractions were analysed with automatic gain control (AGC) targets of 1 × 10 6 and 1 × 10 5 for MS and MS/MS scans, respectively. These phosphopeptide fractions were also analysed with MS maximum injection times set at 50 ms for MS scans and 250 ms for MS/MS. Only peptides with charge states from +2 to +8 were selected for MS/MS using an exclusion duration of 40 s. Each phosphopeptide fraction was run in duplicate. Each sample in the second TMT experiment (which incorporated homogenate centrifugations steps) was analysed using an Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific) during a 90 min nano-liquid chromatography separation using a Dionex UltiMate 3000 RSLCnano system (Thermo Fisher Scientific). Samples were analysed using an MS 1 AGC target of 1 × 10 6 and maximum injection times of 100 ms. MS cycle time was set to 2 s, and MS runs used an exclusion duration of 45 s, a quadrupole isolation window of 1.2 m/z, and HCD fragmentation using a collision energy of 35% and a stepped collision energy of 5%. The scan range for MS acquisition was 300-1500 m/z, and peptides with charge states of +2 to +8 were selected for fragmentation. Phosphopeptide fragment ions were analysed in the Orbitrap at 60,000 resolving power, with an AGC target of 1 × 10 5 ions and 120 ms maximum injection times. Non-phosphopeptide fractions' peptide fragments were analysed in the Oribtrap with 30,000 resolving power with an AGC target of 1 × 10 5 ions and 75 ms maximum injection times. Each phosphopeptide fraction was analysed in duplicate.
MS data analysis. Data were searched using both MaxQuant (version 1.5.3.51) with the Andromeda search algorithm ) and the COMPASS software suite (Wenger et al. 2011b) . Thermo RAW files were searched against a Mus musculus target-decoy database (UniProt, downloaded 08/14/2015). Peptide and phosphopeptide datasets were searched using a 50 ppm precursor mass tolerance and 0.02 Da fragment tolerance for b and y ions produced by HCD fragmentation. All fractions were searched with static carbadimomethyl of cysteine residues, static TMT 6-plex modifications of peptide N-termini and lysines, and dynamic methionine oxidation. Phosphopeptide fractions were searched with additional dynamic phosphorylation modifications of serine, threonine and tyrosine residues. Resulting peptide identifications were filtered to 1% false discovery rate (FDR). MaxQuant and COMPASS were used to obtain the 6-plex TMT protein and phosphopeptide quantification for all of the 12 peptide fractions and 12 phosphopeptide fractions. Peptides were mapped back to their parent proteins using both MaxQuant and COMPASS and filtered to a 1% FDR at the protein level. COMPASS utilized the PhosphoRS localization algorithm (Taus et al. 2011) to localize phosphorylation to amino acid residues with a fragment tolerance of 0.02 Da automatically considering neutral loss peaks for HCD and considering a maximum of 200 maximum position isoforms per phosphopeptide. 6-Plex TMT reporter ions present for each identified peptide were mapped to their parent proteins.
Statistical analysis. The reporter intensities for localized phosphopeptides and quantified proteins were log 2 transformed and mean normalized to obtain the relative phosphopeptide and protein quantification for each tissue and condition. The datasets for both TMT experiments (experiment 1 and experiment 2, which incorporated the optimized sample centrifugation steps) were aligned in Microsoft Excel so that comparisons could be made between the phosphopeptides and proteins identified in each dataset; specifically, the phosphopeptides and proteins identified in the first 6-plex TMT experiment's dataset were compared to the phosphopeptides and proteins identified in the supernatant and pellet fractions in the second TMT experiment. Because the first 6-plex TMT experiment produced an overlapping proteome and phosphoproteome dataset with the soluble and pellet fractions of the second 6-plex experiment, each peptide and phosphopeptide was observed with n = 3 or n = 6. Significantly regulated phosphopeptides and proteins were determined using the moderated t test documented in the LIMMA package in R (Smyth, 2004; Hoffman et al. 2015) , and FDR was controlled using the Benjamini-Hochberg method (Benjamini & Hochberg, 1995) . Proteins and phosphopeptides were determined to have experienced a 'major MIC-induced alteration' if they had a fold-change of ±1.5-fold in response to MIC, with Benjamini-Hochberg adjusted P-values < 0.05.
Label-free quantification of skeletal muscle proteins.
Label-free quantification (LFQ) was performed using peptide and protein intensity outputs from MaxQuant. A minimum LFQ ratio count of 2 and fast LFQ were utilized. Spectra were searched using a 20 ppm first search peptide tolerance and a 4.5 ppm main search peptide tolerance. MS/MS spectra were analysed with a 20 ppm fragment match tolerance. Protein quantification was defined using unique and razor peptides for quantification. Large LFQ values were stabilized and required MS/MS for LFQ comparisons. Proteins identified in each TMT experiment were aligned and their relative LFQ values were compared to identify proteins observed in experiment 1, experiment 2, or both experiments.
Reactome, DAVID and GoMiner analysis. The phosphopeptides with localized sites of phosphorylation were mapped back to their parent proteins, and proteins that contained major MIC-induced alterations in phosphorylation (greater than ±1.5-fold change, Benjamini-Hochberg adjusted P ࣘ 0.05) were used to identify the pathways, molecular functions, biological processes, and intracellular components that were overrepresented in samples that had been subjected to MIC. Reactome pathways were identified with the default workflow employed by Reactome (http://www.reactome. org). The Database for Annotation, Visualization and Integrated Discovery (DAVID) was used to identify Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway, molecular functions and biological processes. The analyses with DAVID were performed while using all of the phosphoproteins observed in experiments 1 and 2 as the background (Huang da et al. 2009 ). The high-throughput version of GoMiner was used to identify cellular compartments and these analyses were performed with the following criteria: background = all phosphoproteins observed in experiment 1 and experiment 2, data source = MGI (M. musculus), evidence codes = all, lookup setting = cross reference and synonym, and number of randomizations = 100.
Motif-X analysis. Motif-X was used to identify overrepresented amino acid sequences that surrounded the J Physiol 595.15 MIC-regulated sites of phosphorylation (Schwartz & Gygi, 2005) . Specifically, the identified phosphopeptides with localized sites of phosphorylation were filtered for those that showed a greater than 1.5-fold increase, or greater than 1.5-fold decrease, in response to MIC (Benjamini-Hochberg adjusted P-values ࣘ 0.05). The list of phosphopeptides was then submitted to Motif-X and analysed with the following criteria: width = 15 residues, occurrences ࣙ 25, and P ࣘ 0.0001. All of the phosphopeptides that were identified in experiments 1 and 2 were used as the background.
NetworKIN analysis. The individual FASTA sequences for proteins that contained major MIC-induced alterations in phosphorylation (greater than ±1.5-fold change, Benjamini-Hochberg adjusted P-values ࣘ 0.05) were uploaded into the NetworKIN browser and then the regulated sites of phosphorylation were manually selected for analysis. Kinase predictions were performed and then filtered with the following criteria: minimum score = 0.22, maximum score difference = 10, and maximum number of predictions = 10.
Results
Validation of MIC-induced signalling events and centrifugation methods prior to 6-plex TMT sample preparation. In an effort to identify MIC-regulated phosphorylation events we first employed a traditional MS phosphoproteomics workflow. Specifically, as explained in the methods, mouse skeletal muscles were subjected to a bout of MIC or the control condition (in triplicate) and then collected after a 1 h recovery period. The muscles were extracted and homogenized in a urea lysis buffer, and then prior to MS, the samples were subjected to Western blot analysis to confirm that the bout of MIC had induced signalling through two pathways that are known to be highly sensitive to mechanical stimulation (mTOR [P-p70S6K(389)] and p38 [P-p38(180/2)], Fig. 1 ; O'Neil et al. 2009) . The samples were then subjected to MS analysis using the workflow described in Fig. 2 . In total, 3381 phosphopeptides were identified, and 479 of these exhibited a major MIC-induced alteration in abundance (greater than ±1.5-fold and Benjamini-Hochberg adjusted P-value ࣘ 0.05, see experiment 1 data in Supplemental Table  S1 in online Supporting Information). Upon further examination of the results, it became apparent that a large proportion of the identified phosphopeptides originated from highly abundant myofibrillar proteins. For example, 13% of all the phosphopeptides identified in the experiment were mapped to isoforms of titin. Therefore, to help increase our total phosphoproteome coverage, we performed a second MS experiment in which a new set of samples were homogenized in a Triton X-100 lysis buffer and then centrifuged to pellet the myofibrillar proteins (Solaro et al. 1971) . Western blot analysis and staining of all proteins with Coomassie blue demonstrated that individual proteins and phosphoproteins could be effectively separated into the pellet and supernatant fractions. Preliminary single-shot MS experiments also confirmed that myofibrillar proteins such as titin could be successfully removed from the supernatant fraction (Fig. 3) .
Centrifugation-based fractionation adds to proteome and phosphoproteome characterization. Figure 4A shows the overlap of phosphopeptides with localized phosphorylation sites identified in the supernatant and pellet fractions (denoted as experiment 2 supernatant or pellet fraction) compared to the phosphopeptides identified in the first experiment which lacked the fractionation step (experiment 1). In the first experiment, 3381 phosphopeptides were identified, while in the second experiment, the identifications increased to a total of 3836 phosphopeptides. Additionally, Fig. 4B shows the overlap in total proteins that were quantified in the two 6-plex TMT experiments, with > 80% overlap between the pelleted proteins and those identified in the first experiment. On the other hand, the supernatant fraction contained an additional 1490 proteins that were not detected in either experiment 1 or the pellet fraction of experiment 2.
To further investigate our depth of proteome coverage, we used protein LFQ to estimate the abundance of proteins identified across both TMT experiments and coded the proteins according to whether they were observed in experiment 1, experiment 2, or both ( Fig. 5 and Supplemental Table S2 ) . We then used DAVID to identify the biological processes and cellular components that were enriched in each quartile of the relative abundance curve (Huang da et al. 2009 ). The results indicated that the most abundant proteins were involved in biological processes such as actin-myosin filament sliding, muscle contraction, and glucose metabolism, and that these proteins were localized to muscular components such as the sarcomere, myosin complexes, and contractile fibres. Less abundant proteins were involved with biological processes such as protein translation, post-transcriptional regulation and RNA splicing, while the least abundant proteins were principally involved with nuclear-mediated processes and mRNA processing (primarily localized to chromatin and nuclear protein complexes). It is also worth noting that over 57% of the proteins identified in the lowest abundance quartile were only detected in experiment 2. In other words, the results indicate that the Triton X-100-centrifugation workflow helped to increase the total coverage of low-abundance proteins across the experiments.
MIC phosphoproteomics quantitation and GO term enrichment. The TMT reporter ions for each peptide were used to compare the relative fold-change of that peptide's abundance between the MIC and control samples. The phosphopeptide abundances were normalized to protein levels and directly compared, while non-phosphopeptides were mapped back to their parent proteins to assess MIC-induced changes in the proteome. The results from the first TMT experiment were merged with the results of the second TMT experiment to generate a combined dataset that contained quantitative information for 4858 proteins and 5684 phosphopeptides that contained 5983 unique phosphorylation sites (n = 3-6 independent samples per group). Phosphopeptides and proteins with a greater than ±1.5-fold change and Benjamini-Hochberg adjusted P-values of ࣘ 0.05 were considered to have experienced a major MIC-induced alteration. Using these criteria, no proteins were concluded to have experienced a major MIC-induced alteration in abundance (Supplemental Table S3 ). In stark contrast, 621 different phosphopeptides (corresponding to 313 different phosphorylated proteins) revealed Triton X lysis buffer Figure 1 . Validation of maximal-intensity contraction-induced signalling events and centrifugation methods prior to 6-plex TMT sample preparation Tibialis anterior muscles were subjected to a bout of maximal-intensity contractions (MIC) or the control condition. In the first workflow (black) the muscles were homogenized in a urea lysis buffer, while in the second workflow (blue) the muscles were homogenized in Triton X-100 lysis buffer and then centrifuged to separate the proteome into pellet and supernatant fractions. Prior to MS analysis, all samples were subjected to Western blotting to confirm that the bout of MIC had induced the activation of signalling through mTOR [P-p70S6K(389)] and p38 [P-p38(180/2)]. Western blotting of actin, as well as Coomassie blue staining of all proteins, was also performed to illustrate the differences in the proteome of the pellet and supernatant fractions. major MIC-induced alterations in phosphorylation (Supplemental Table S1 ). As shown in Fig. 6A , the majority of these alterations (531 phosphopeptides) corresponded to increases in phosphorylation (blue region); however, a considerable number (90 phosphopeptides) also revealed decreases in phosphorylation (red region). Within the 621 phosphopeptides that changed in abundance, phosphorylation was successfully localized to 663 distinct sites. Through the use of Perseus (ww.perseusframework.org), it became apparent that the MICregulated network of phosphorylation sites was quite unique. For instance, < 50% of the MIC-regulated phosphorylation sites have been annotated in PhosphoSitePlus, and only 12 of the phosphorylation sites have known upstream kinases. Finally, Western blot analyses were performed in an effort to confirm that specific phosphorylation sites which were concluded to have experienced no change (threonine 287 on CAMK2β), a major increase (serine 86 on heat shock protein 27 (HSP27)), or a major decrease (serine 229 on glucocorticoid receptor) in phosphorylation were in fact modified as determined by MS (Fig. 6B) .
To examine which pathways were regulated by MIC we applied the Reactome and DAVID/KEGG algorithms to the list of proteins that experienced major MIC-induced alterations in phosphorylation. The top 15 most highly overrepresented Reactome and KEGG pathways included signatures for the regulation of mTOR, mitogen activate protein kinase (MAPK), and insulin signalling, ubiquitin-mediated protein degradation and The right tibialis anterior muscles of mice were stimulated with a bout of maximal-intensity contractions (MIC) while the left contralateral muscles were not stimulated and were used as controls. Tissues were homogenized, and their extracted proteins were denatured and tryptically digested. Each sample was labelled with one of six isobaric tandem mass tags (TMT) and mixed to produce a single pooled sample. Immobilized metal affinity chromatography (IMAC) was used to enrich the pooled sample for phosphopeptides. The enriched and unenriched samples were then fractionated offline by reverse phase (RP) chromatography. Twelve phosphopeptide fractions and 12 non-phosphopeptide fractions were analysed by mass spectrometry. Peptides were isolated and fragmented during each instrument run, revealing peptide sequence information and generating reporter ions which revealed the relative abundance of each peptide across the six samples.
various immune responses (Fig. 7A and B) . These results were mirrored by strong signatures for alterations in molecular functions such as kinase activity and ubiquitin-protein transferase activity, as well as biological processes such as the regulation of transcription, translation and proteolysis ( Fig. 7C and D) . Finally, we also used GoMiner to identify which cellular compartments were overrepresented with proteins that experienced major MIC-induced alterations in their phosphorylation state and then manually overlaid the results on a schematic representation that included many of the cellular compartments that have been implicated in mechanotransduction (Fig. 7E ) Lyon et al. 2015) . Unexpectedly, the results indicated that cellular compartments such as focal adhesions and the dystrophin-associated glycoprotein complex were not overrepresented with proteins that experienced major MIC-induced alterations in phosphorylation. On the other hand, myofibrillar proteins were found to be highly enriched with MIC-induced changes in phosphorylation and, of particular interest, it was determined that > 74% A single mouse plantar flexor muscle complex was split into distal and proximal halves. Each of the halves was centrifuged to separate the proteome into pellet and supernatant fractions and then prepared separately for MS analysis (without TMT labelling or phosphopeptide enrichment). The number of peptide spectral matches (PSMs) and unique peptide sequences identified for all titin and myosin isoforms were compared between the pellet and supernatant fractions. These PSM and peptide numbers were compared between the distal (A) and proximal (B) halves of the muscle tissue.
of the identified Z-disc proteins exhibited widespread MIC-induced alterations in their phosphorylation state. Based on this observation, it appears that the Z-disc is a particularly hot-site for MIC-induced signalling events. Figure 4 . Comparison of the phosphopeptides and proteins that were identified with the different sample preparation methods Mouse tibialis anterior muscles were subjected to a bout of maximal-intensity contractions (MIC) or the control condition and then prepared for MS analysis. Samples in experiment 1 (n = 3 per group) were prepared via homogenization in a urea lysis buffer, while samples in experiment 2 (n = 3 per group) were prepared via homogenization in a Triton X-100 buffer and then further separated by centrifugation into supernatant and pellet fractions. The differently prepared samples/fractions from each experiment were subjected to separate 6-plex TMT MS analyses. Venn diagrams were generated to compare the unique phosphopeptide (A) and protein (B) populations that were quantified in experiment 1 (grey) and the supernatant (red) and pellet (blue) fractions in experiment 2. Intermediately shaded regions indicate the phosphopeptides or proteins that were observed in multiple experiments.
J Physiol 595.15 in phosphorylation. These sites were then analysed with Motif-X to identify overrepresented amino acid sequences that surrounded the site of phosphorylation. The results of these analyses revealed that four different sequence patterns were highly overrepresented in the dataset (Fig. 8A) . Three of the sequence patterns (PxSP -where x is any amino acid, SP and TP) conform to the recognition motif that is phosphorylated by proline directed kinases such as the MAPK and cyclin-dependent kinase family members (Pearson et al. 2001; Rust & Thompson, 2011 
Figure 5. Rank ordered protein abundance and GO term analysis
The proteins identified in the first (experiment 1) and second (experiment 2) workflows were analysed by MaxQuant for label-free quantification (LFQ) of relative protein abundance. Proteins were rank ordered by their LFQ intensities and coloured according to whether they were observed in experiment 1 (yellow), experiment 2 (red), or both experiments (blue). Each quartile of proteins was also analysed for overrepresentation of gene ontology (GO) terms that corresponded to biological processes and cellular components. GO terms in each quartile were displayed if they were significantly overrepresented in the dataset. In two independent experiments, mouse tibialis anterior muscles were subjected to a bout of maximal-intensity contractions (MIC) or the control condition and then prepared for MS analysis. In the first experiment (n = 3 per group) the samples were homogenized in a urea lysis buffer, while in the second experiment (n = 3 per group) the samples were homogenized in a Triton X-100 lysis buffer and then centrifuged to separate the proteome into pellet and supernatant fractions. A, the results from the first and second experiment were merged and the fold-changes (MIC/Control) of the phosphopeptides were log2 transformed and plotted versus their corresponding -log10 P-values. Phosphopeptides that revealed major MIC-induced alterations (> 1.5-fold, P ࣘ 0.05) are highlighted in blue (increased) or red (decreased). B, Western blot analysis was performed on specific phosphorylation sites which were concluded by MS to have experienced no change (threonine 287 on calmodulin kinase 2 (CAMK2β)), an increase (serine 86 on heat shock protein 27 (HSP27)), or a decrease (serine 229 on glucocorticoid receptor (GR)) in phosphorylation. Western blot analysis for actin was used to verify equal loading of protein in all lanes. 
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Figure 7. Characteristics of the phosphoproteins that are regulated by maximal-intensity contractions Phosphopeptides that revealed maximal-intensity contraction (MIC)-induced alterations (> 1.5-fold, P ࣘ 0.05) were mapped back to their parent proteins and the list of proteins was submitted to (A) Reactome for identification of the 15 most highly overrepresented pathways, or (B-D) DAVID for identification of the 15 most highly overrepresented KEGG pathways (B), molecular functions (C) and biological processes (D). The same list of proteins was submitted to GoMiner to identify which cellular compartments were overrepresented with proteins that experienced MIC-induced alterations in phosphorylation. The results were manually overlaid on a schematic that includes many of the cellular compartments that have been implicated in skeletal muscle mechanotransduction (E). The colour of the shaded numbers highlights significantly overrepresented cellular compartments according to their associated P-value. The ratio of proteins within each compartment that experienced MIC-induced alterations in their phosphorylation state are also highlighted. kinase 2 (CAMK2) family members (Pearson & Kemp, 1991; Rust & Thompson, 2011) . Interestingly, this motif was overrepresented in both the list of sites that showed an increase and the list of sites that showed a decrease, in phosphorylation which suggests that they are regulated by distinct sets of kinases/phosphatases.
Prediction of regulated kinases. To investigate which kinases controlled the phosphorylation of the overrepresented motifs we first utilized NetworKIN, which combines protein-associated network and preferred recognition motif information to predict the likelihood of kinase-substrate relationships (Horn et al. 2014) .
Specifically, in these analyses, we first clustered the different phosphorylation sites according to which, if any, overrepresented motif they contained, and then the average magnitude of change in phosphorylation for each cluster was determined (Fig. 8B) . Next, each substrate within a given cluster was individually analysed with NetworKIN and a maximum of the 10 most likely kinases were identified. Within each cluster, the number of times that a given kinase was identified was divided by the total number of substrates in that cluster. The results of these analyses were used to calculate the prediction frequency for each kinase within the different motif clusters, and this information was subsequently displayed as a motif heat 62  25  103  74  73  206  66  n = 81-100% 61-80% 41-60% 21-40% 0-20%
Figure 8. Phosphorylation sequence motif analysis and kinase-substrate predictions
The phosphorylation sites that revealed maximal-intensity contraction (MIC)-induced alterations in phosphorylation (> 1.5-fold, P ࣘ 0.05) were grouped according to whether they showed an increase or decrease in phosphorylation. A, overrepresented sequence motifs within each of these groups were identified with Motif-X (P ࣘ 0.0001). B, the average change in phosphorylation for the sites within each motif cluster was plotted on a graph (values are the mean + SEM). C, NetworKIN was used to predict which kinases regulate the phosphorylation sites within each of the motif clusters and the results were displayed on a heat map. The colour of the boxes in the heat map represent the percentage of time that the kinase appeared in the top 10 list of kinases that were predicted to phosphorylate the sites within a given motif cluster. The values at the bottom of the heat map indicate the total number of sites within each motif cluster that were successfully analysed by NetworkKIN.
map. Finally, the motif heat map was filtered to retain only the kinases that scored a > 20% prediction frequency and were identified by our MS analyses as being present in skeletal muscle (Fig. 8C) . The results of the NetworKIN analyses revealed very high prediction frequencies (> 80%) for the activation of MAPK1 (ERK2), MAPK3 (ERK1) and CAMK2α, and moderately high prediction frequencies (61-80%) for the activation of PKCα and, PKCβ. Fairly strong prediction frequencies (41-60%) were also observed for alterations in the activity of GSK3β, MAPK12 (p38γ), MAPK13 (p38δ), PKAα, PKAγ and PKCδ. It's worth noting that many of these predictions are consistent with the results of previous studies. For instance, a large number of studies have shown that intense muscle contractions induce the activation of signalling through MAPK1, MAPK3, MAPK12 and MAPK13 (Kramer & Goodyear, 2007) . A smaller body of evidence also indicates that intense muscle contractions can promote an increase in PKC and CAMK2 activity (Richter et al. 1987; Chin, 2005) . On the other hand, we are not aware of any studies that have clearly addressed whether intense muscle contractions regulate the activity of protein kinase A.
The mouse genome encodes over 500 different kinases and the current version of NetworKIN (version 3.0) can perform predictive analyses on 213 of these (Caenepeel et al. 2004) . In general, the kinases examined by NetworKIN are included because they have been highly studied, and their preferred recognition motifs have been firmly defined. However, not all highly studied kinases are included in the NetworKIN analyses. For instance, the preferred recognition motif of mTOR remains ill-defined, and thus, mTOR is not incorporated in the NetworKIN analyses. These are important points because the limitations in kinase coverage, and the reliance on a priori knowledge, restricts the ability of programs like NetworKIN to identify less-studied or novel signalling pathways. Therefore, in an effort to expand our prediction of regulated kinases, we identified which kinases experienced major MIC-induced alterations in their phosphorylation state. The rationale for this approach was based on previous studies which have shown that the activity of individual kinases is often regulated by changes in their own phosphorylation state (Nolen et al. 2004) . Therefore, to identify these kinases, we searched the list of proteins that experienced major MIC-induced alterations in phosphorylation for members that possess protein kinase activity and/or function as part of a multi-subunit protein kinase complex. In total, these analyses led to the identification of 23 different kinases (Fig. 9 ). For instance, we determined that the phosphorylation of the T320 residue on MAPK-activated protein kinase 2 was significantly elevated in muscles that had been subjected to MIC. This result is worth highlighting because (i) the phosphorylation of the T320 residue is known to regulate CAMK2δ  MAPKAPK2  MKNK1  MKNK2  MYLK2  OBSCN  PHKA1  PRKAB1  SPEG  TTN  CMGC  MAPK14  SRPK3  STE  MAP2K6  OXSR1  TKL  IRAK1 MAPK-activated protein kinase 2 activity (Ben-Levy et al. 1995) , and (ii) it demonstrates that assessing changes in the phosphorylation state of individual kinases can result in predictions that would have otherwise gone unnoticed with programs such as NetworKIN. Next, we sought to gain further insight into the types of kinases that experienced major MIC-induced alterations in phosphorylation, and thus, we plotted the position of the regulated kinases on a phylogenetic tree of the human kinome. As shown in Fig. 9A , this visualization-based approach revealed that a large proportion of regulated kinases were members of the CAMK family of protein kinases. Moreover, we found that the number of regulated phosphorylation sites on the CAMK family members was very high, with nearly 80% of the kinase phosphorylation events occurring on members of this family (Fig. 9B ). Amongst these family members were kinases which have been widely implicated in the regulation of contraction-induced signalling events such as titin (Herzog, 2014) , as well as less-studied kinases that have never been associated with contraction-induced signalling such as the striated muscle-specific serine/threonine-protein kinase (SPEG) and obscurin (Fig. 10) . The potential connection of SPEG and obscurin with MIC-induced signalling events was a particularly intriguing observation, and this point will be further addressed in Discussion.
Discussion
While iTRAQ 4-or 8-plex, and TMT 6-through 10-plex tags differ in their structure, characteristic fragmentation patterns, and use of heavy isotopes, the increased throughput offered by these isobaric tags has been adopted by the proteomics community as a means for enhancing the reproducibility and precision of proteome and post translational modification quantification (Pichler et al. 2010 Ting et al. 2011; Wenger et al. 2011a; Erickson et al. 2017 ). Here we report a comparative analysis of sample preparation methods for skeletal muscle phosphoproteome using isobaric TMT chemical labels. Using a 6-plex quantitative proteomics design we were able to measure changes in phosphopeptide and protein abundance in skeletal muscles that had been subjected to a bout of MIC. Our initial TMT experiment examined muscle tissue samples which were prepared using a traditional bottom-up proteomics workflow without protein depletion steps. While we identified 479 phosphopeptides (containing 497 phosphorylation sites) that experienced major MIC-induced alterations in phosphorylation, the majority of these sites mapped back to highly abundant structural and myofibrillar proteins such as titin and myosin. Therefore, to help increase our detection of phosphorylation events due to MIC, we performed a second MS experiment in which a new set of samples were homogenized in a Triton X-100 lysis buffer and then centrifuged to pellet the myofibrillar proteins. This centrifugation procedure was inserted prior to enzymatic digestion, and it allowed us to split each sample into pellet and supernatant fractions, which were then prepared separately and analysed by MS. Preliminary studies demonstrated that a higher proportion of myofibrillar peptides were obtained from the pellet fractions. By incorporating this centrifugation-based procedure into a new TMT 6-plex experiment, we successfully identified an additional 1688 proteins. Importantly, with the addition of these proteins we were able to generate a rank ordered abundance list for over 4000 proteins in adult skeletal muscle (Supplemental Table S2 ), and we expect that this list will serve as a very valuable resource for muscle biologists.
By incorporating the centrifugation-based procedure into a new TMT 6-plex experiment, we also successfully identified an additional 2303 phosphopeptides (2492 phosphorylation sites) from skeletal muscle tissue, and 168 of the additional phosphopeptides (188 sites) were shown to have experienced a major MIC-induced alteration in their phosphorylation state. The boost in identified phosphorylation sites with the second TMT experiment allowed us to piece together a more comprehensive map of the signalling events that are altered in response to MIC. We then used our dataset, and various bioinformatics tools, to develop a better understanding of the pathways that are regulated by MIC. Many of the results from the bioinformatics analyses pointed towards well-known contraction regulated pathways such as the activation of MAPK and mTOR signalling (e.g. compare the results in Figs 1 and 7A and B) . The identification of the known signalling pathways lent confidence to the more novel outcomes of our analyses. For instance, one of the most striking observations was that myofibrillar proteins were highly enriched with major MIC-induced alterations in phosphorylation. Specifically, we identified a total of 1607 different phosphorylated proteins, of which only 604 were annotated to the term 'myofibril' . Yet, nearly 20% of the major MIC-induced alterations in phosphorylation occurred on this small subset of proteins. Further analysis revealed that the majority (ß75%) of the 'myofibril' proteins that experienced major changes in phosphorylation were also annotated with the term 'Z-disc' . In other words, our results indicated that the Z-disc is very heavily regulated by MIC-induced phosphorylation events.
The basic contractile machinery of skeletal muscle is organized into structures called sarcomeres, and the outer boundary of individual sarcomeres is defined by the Z-disc. The Z-disc is directly linked to all of the major contractile proteins within the sarcomere (Pyle & Solaro, 2004; Frank et al. 2006) . Through numerous protein-protein interactions, the Z-disc facilitates the longitudinal transmission of forces from one sarcomere to the next, as well as the lateral transmission of forces from the sarcomere to costameres (functional analogues of focal adhesions) which lie at the periphery of the muscle fibre (Frank et al. 2006 ). With such a fundamental role in force transmission, it should not be surprising that the Z-disc has been widely considered as an ideal site for the conversion of mechanical information into biochemical signals (i.e. mechanotransduction) (Pyle & Solaro, 2004; Frank et al. 2006; Frank & Frey, 2011) . Our finding that the Z-disc is heavily regulated by MIC-induced phosphorylation events is consistent with this notion, and it raises questions about the kinase(s) that regulate these phosphorylation events.
One kinase that might regulate the MIC-induced changes in Z-disc phosphorylation is titin. Titin is an attractive candidate because one end of titin is anchored to the Z-disc while the other end is anchored to the centre of the sarcomere. Titin also contains extensive repeats of immunoglobulin (Ig) domains which, via folding and unfolding, allow it to function as a molecular spring (Rief et al. 1997; Hsin et al. 2011) . In addition, molecular dynamic simulations have shown that mechanical strain can induce a conformational change in the kinase domain of titin, and therefore, regulate its catalytic activity (Grater et al. 2005; Puchner et al. 2008) . Based on these points, titin has been commonly labelled as a mechanosensitive kinase (Puchner et al. 2008) . However, the kinase domain of titin is anchored near the centre of the sarcomere (ß1.1 μm away from the Z-disc), and thus, it is very unlikely that titin directly contributes to the MIC-induced changes in Z-disc protein phosphorylation (Obermann et al. 1996) .
Inspired by the above point, we set out to determine if our phosphoproteomics data could be used to expose other MIC-regulated and Z-disc-associated kinases. To accomplish this, we first compiled a list of the kinases that were predicted to be regulated by MIC (Figs 8 and 9) , and then searched this list for kinases that have been localized to the Z-disc. Our analyses led to the identification of SPEG and obscurin as two very intriguing candidates. We were interested in these kinases for several reasons: (i) both are preferentially expressed in striated muscle (Sutter et al. 2004) , (ii) both experienced major MIC-induced alterations in phosphorylation at multiple sites ( Fig. 10A and B) , (iii) the kinase domains of SPEG, and certain splice variants of obscurin, have been shown to colocalize with the Z-disc (Bowman et al. 2007; Agrawal et al. 2014) , and (iv) SPEG, obscurin and titin are The illustrations were overlaid on bar graphs which display the position and relative phosphorylation status of all sites that were identified in muscles that had been subjected to a bout of maximal-intensity contractions (MIC). The sites that revealed a MIC-induced increase (> +1.5-fold, P ࣘ 0.05) or decrease (> −1.5-fold, P ࣘ 0.05) in phosphorylation are indicated with blue and red bars, respectively. Sites which did not meet these criteria are shown in grey. C, a magnified region from the phylogenetic tree of the human kinome highlights the close relatedness of obscurin (Obscn), SPEG and titin (TTN). The illustration was reproduced courtesy of Cell Signaling Technology, Inc.
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immediate neighbours on the phylogenetic tree of the human kinome, which suggests that they could possess the same kind of mechanosensitive properties that have been ascribed to titin (Fig. 10C) . Indeed, both SPEG and obscurin are similar to titin in that they contain extensive repeats of Ig domains, which are known to endow titin with its molecular spring-like properties ( Fig. 10A and B) (Hsin et al. 2011) . Combined, these attributes vividly highlight the potential for SPEG and obscurin to function as mechanosensitive kinases at the Z-disc.
Conclusions, limitations and future directions
In 2015, Hoffman et al. published a paper which described the phosphoproteomic alterations that occur in response to aerobic-based exercise (Hoffman et al. 2015) . It is well known that aerobic-based exercise induces an increase in the oxidative capacity of skeletal muscle, and the work of Hoffman et al. provided a tremendous amount of novel insight into the signalling events that potentially drive this event. However, in contrast to aerobic-based exercise, resistance-based exercise induces a robust increase in skeletal muscle mass. Thus, the signalling events that are induced by aerobic-and resistance-based exercise are expected to be, in many ways, very different. This point was readily highlighted in a follow-up article that was published by Hawley and Krook in which it was stressed that 'the networks induced by resistance-based exercise urgently need to be determined' (Hawley & Krook, 2016) . In our study, we have addressed this need by performing a phosphoproteomic analysis on mouse skeletal muscles that had been subjected to a bout of MIC; a mouse model of human resistance exercise. Specifically, we have generated the first comprehensive map of the MIC-regulated phosphoproteome and demonstrated that our dataset, in conjunction with various bioinformatics tools, leads to the identification of several well-known MIC-regulated events (e.g. activation of signalling through mTOR and p38). The identification of these known signalling events is important because it lends confidence to the novel outcomes of our analyses. For instance, our analyses indicate that the Z-disc is a particularly hot site for MIC-induced phosphorylation events, and that SPEG and obscurin might be mechanosensitive Z-disc kinases that drive this response. Although provocative in nature, it is important to emphasize that these are purely data-driven hypotheses, and follow-up studies will be needed to both test and validate them.
